Abstract
Holt-Oram syndrome is an autosomal dominant disorder characterised by radial ray and congenital heart defects. Recently, a gene for this disorder has been identified on chromosome 12q24.1, encoding a T box transcription factor. However, the functional role of the gene product is not completely understood. We present results of neurological, radiological, and muscle magnetic resonance imaging (MRI) investigations in 13 patients from eight unrelated families. Besides heart defects, clinical signs ranged from thenar abnormalities to bilateral phocomelia. The former were present in all patients. MRI showed hypoplasia of discrete muscles which clinically showed as nonprogressive weakness. The structural pattern of residual muscles was normal on MRI, which together with normal muscular power, electromyography, and muscle enzyme investigations excluded a progressive neuromuscular disorder. The number and location of hypoplastic muscles correlated with the severity of skeletal involvement. Thus, patients with hypoplasia of large and proximal muscles had phocomelia, and those with mere intrinsic hand muscle hypoplasia had only a triphalangeal thumb or no skeletal malformation. On the basis of these observations, we conclude that disturbed fetal limb muscle development is involved in The characteristic clinical manifestations of HOS are congenital heart defects, comprising VSD, ASD, and AV block, and variable skeletal malformations of the arms.' 4 5The spectrum of skeletal abnormalities ranges from mildly affected patients with triphalangeal thumb or sloping shoulders to bilateral phocomelia. The limb defects tend to be bilateral and asymmetrical, affecting the left side more severely than the right.' 6Muscle involvement in HOS has occasionally been mentioned and considered as a secondary finding. ' 7 Here we studied the distribution of affected muscles in a systemic approach using electromyography (EMG) and magnetic resonance imaging (MRI), which allows in vivo visualisation of the texture of discrete muscles. Based on our observations we conclude that muscular hypoplasia is a major manifestation of HOS.
Patients and methods
We investigated 13 Physical examination disclosed abnormalities of the upper limb and discrete truncal muscles. In all patients thenar muscles were affected with complete paresis of thumb abduction and opposition (fig 1) . In 12 patients, additional moderate muscular weakness was observed of the wrist extensor, supinator, biceps brachii, triceps brachii, deltoid, pectoral, or trapezium muscles (table 1) In the more severely affected patients, wrist contractures with radial and flexion deviation were noted. This corresponded to weakness of the extensor muscles which was more pronounced in the extensor carpi ulnaris than the extensor carpi radialis muscles. In all patients the flexor muscles of the wrist were of normal strength.
In order to analyse the nature of the muscle weakness, EMG was performed in four adult patients. Normal results were obtained in moderately paretic muscles. Additionally, normal creatine kinase levels in serum in these patients excluded a progressive neuromuscular disorder.
MRI investigations disclosed normal structural patterns of muscle tissue. Isolated hypoplasia of opponens and abductor pollicis brevis muscles was noticed in the hands (fig 2) and in other patients supinator and extensor muscles in the forearm and the triceps muscle in the upper arm were hypoplastic (fig 3) . There was no fatty or fibrotic transformation of preexisting muscles documenting true hypoplasia of distinct muscles.
The localisation of muscle involvement correlated with the skeletal malformations. Isolated hypoplasia of the thenar muscles was found in the patient without bony defects and in those with minor malformations, such as thumb hypoplasia and proximally inserted thumb. In patients with more severe bone malformations, additional weakness and hypoplasia in MRI investigations of more proximal muscle groups was found (table 2). Patients with skeletal abnormalities confined to the hand had weakness of the distal forearm mus- or minor bony limb defects. On the other hand, one patient with severe reduction defects of the upper limbs lacked involvement of truncal muscles and bones.
Discussion
In all patients with HOS investigated, we observed muscular abnormalities ranging from weakness to hypoplasia of discrete muscles. Electromyography and muscle enzyme investigations were normal and excluded a progressive neuromuscular disorder. In addition, the structural pattern of residual muscles appeared normal on MRI investigation. Muscle involvement in HOS has been mentioned in single cases previously. 7 12 In a large study of 55 cases with HOS, Newbury-Ecob et al' described minor clinical signs such as sloping shoulders, limited supination, and in the majority of patients hypoplasia of the thenar eminence.
Minimal muscular abnormalities in our HOS patients comprised hypoplasia of the thenar muscles as confirmed by MRI and trapezium weakness with scapular winging. These findings should be considered separately, since the embryogenic development of the trapezium muscle differs from that of limb muscles. The myoblasts that form the skeletal muscles of the trunk are derived from the mesoderm in the myotome regions of the somites. In contrast, the limb muscles develop from mesenchyme in the limb buds that is derived from the somatic mesoderm. The trapezium muscle inserts in the lateral third of the clavicle and in the scapula. Thus, weakness of this muscle gives the clinical impression of sloping shoulders and scapular winging, as observed frequently in HOS patients.
In our mildly affected patients, MRI disclosed the opponens and abductor pollicis brevis muscles to be hypoplastic with all other thenar muscles intact. These patients had no bony abnormalities or hypoplastic thumbs. Thus, the muscular insertion site should be intact, which is supported by the normal function of thumb flexors and extensors. Additionally, passive joint mobility was not limited by these minor muscular malformations, which excluded muscular atrophy by inactivity. In more severely affected patients, proximal muscles were involved. Clinical and MRI investigations disclosed that as a rule paresis and hypoplasia of discrete muscles were located proximally to the radiologically apparent bone malformation (table 2) .
The relationship of muscle abnormality and skeletal malformation is obscure. Both may be associated findings. Based on our clinical observations we also put forward the hypothesis that skeletal limb malformations might be secondary to a muscle disorder. Recently, one gene for HOS was identified on chromosome 12q24. 1.2 'It is a member of the brachyury (T) gene family and encodes a transcription factor (TBX5). Mutations of the mouse homologue, tbx5, result in a failure to activate the transcription of mesoderm specific genes and their downstream targets."3 Tissue in situ hybridisation analysis of TBX5 expression in human embryos from day 26 to 52 of gestation detected high levels of expression in the limbs and heart.' Further evidence for the role of TBX5 during myogenesis has been obtained in zebrafish.'4 Homozygote mutant zebrafish for ntl, a homologue of the murine brachyury T gene, did not develop muscle pioneer cells, and their trunk myotomes did not achieve the characteristic chevron shape. These data derived from animal models in conjunction with our observation of hypoplasia of discrete muscle groups in HOS patients support the hypothesis that disturbed muscle development plays an important role in the pathogenesis of HOS. Further studies should focus on the time and spatial distribution of tbx5 gene expression in the various tissues of the limb, including myogenic precursor cells, and the impact of its mutation on muscle and bone development.
